It is significant to research the voltage stability of the wind power centralized system (WPCS) for the effective development of the large scale clustering wind energy resources. A steady state voltage stability analysis of the WPCS by employing the PV curve and model analysis is proposed to reveal the voltage stability influence from different aspects. The PV curve is utilized to trace and indicate the voltage collapse point of the WPCS when the small disturbance of wind power is increased gradually. Then the steady state voltage instability modes of the WPCS are analyzed by calculating the bus participation factors of the minimum eigenvalue model at the collapse point. The simulation results of an actual WPCS in North China show that the static state voltage instability mode of the WPCS is closely related to the operating features and control strategies of different reactive power sources. In addition, the implementation of the doubly-fed induction generator wind turbine generator voltage control is beneficial to improve the WPCS voltage stability.
Introduction
Wind power becomes the most rapidly growing renewable energy source due to its mature technology and rich resources. China has been developing the wind power vigorously around the country over the past two decades in order to achieve the low-carbon power system [1] [2]. However, limited by the distribu-tion of the wind resources, most of the large-scale wind power centralized systems (WPCSs) under construction or planning are located in the north and northwest parts of the country, which are far away from the major load centers in the eastern and coastal areas. The wind power generated from these wind-rich areas has to be centrally collected and integrated into the power grid by longdistance transmission lines. The current situation is that these regions where the WPCS integrated generally possess the weakly connected grid structure and both the small and large disturbance may worsen the voltage security. On the one hand, the small disturbance like the random fluctuations of the wind power output will cause the voltage fluctuations of the point of common coupling (PCC) [3] [4] [5] . On the other hand, the large disturbance like the short-circuit fault will lead to the wind turbine generators (WTGs) cascading trip-off caused by the reactive power incorporation in the WPCS [6] [7] [8] . Therefore, the voltage stability issues caused by the WPCS integration have become the prominent challenges for the large-scale development of the wind power.
In previous works, many scholars have investigated in voltage stability analysis of the wind power integrated system. The contribution of the voltage stability by the support of the WTGs with full power converters is studied in [9] [10].
The research in [11] utilizes large amounts of historical data to reveal that the constant voltage control of the WTG is beneficial for improving the static state voltage stability (SSVS) of wind integrated system. The technical feasibility and economic costs of the usage of WTGs as the reactive power source is studied in [12] . By analyzing the detailed dynamic simulation model of the doubly-fed induction generator (DFIG) WTG, the dynamic response characteristics during the large disturbance are studied in [13] .
It can be seen that the above studies mainly focus on the voltage stability analysis and reactive power control strategy for the single WTG or single wind farm integrated system while the systematic research for the WPCS integration is insufficient. With the gradual increasement of the wind power penetration, the integration of large-scale centralized wind power is bound to take something new to the traditional SSVS analysis. On the one hand, the physical structure 
Analytical Methods

PV Curves Analysis for Voltage Stability Evaluation
Model Analysis for Voltage Stability Evaluation
The modal analysis is a voltage stability assessment technique by computing a specified number of the smallest eigenvalues of a reduced Jacobian matrix [14] .
The linearized steady state system power voltage equations are given by 
where Δp and ΔQ are respectively the incremental change in bus active power and reactive power injection, Δθ and ΔV are respectively the incremental change in bus voltage angle and voltage magnitude, J is the Jacobian matrix. The voltage stability is affected by both P and Q. Here, at each operating point we keep P constant and evaluate voltage stability by considering the incremental relationship between Q and V. To reduce Equation (1), let Δp = 0, then ( )
where J R is called the reduced Jacobian matrix of the system.
According to the Schur decomposition, we have
In view of the fact that J Pθ is always nonsingular, the above equation means that the singularity of the Jacobian matrix is decided by J R .
Transport by eigen-decomposition, Equation (2) can be expressed as The participation factor of bus k to mode i is defined as
From Equation (5), P ki indicates the contribution of i-th eigenvalue to the V-Q sensitivity at bus k. The bigger the value of P ki , the mode λ i contributes in determining V-Q sensitivity at bus k. For all the small eigenvalues, bus participation factors determine the areas close to voltage instability.
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PV Curve Analysis Results
During the calculation of PV curves, the active power output of each wind farm is increased gradually by 0.1% of its installed capability from the base-case point to the installed capability. The calculation results of the PV curves by using different control modes under the two typical scenarios are respectively shown in Figure 3 . The SSVS limit in the PV curve is represented with an asterisk and the statistic result is given in Table 1 .
It can be seen from Figure 3 and Table 1 and 36.344% for the light and heavy scenarios respectively.
Model Analysis
By implementing the model analysis at the SSVS limit of different operating conditions, the calculated bus participation factors are shown in Figure 4 and Figure 5 . The differences between the two figures is that, the participation factors in Figure 4 are ranked by the bus number defined in Figure 2 , the participation factors in Figure 5 are ranked by the values in a descending order.
It can be seen from Figure 4 and Figure 5 of the SSVS when the wind power is constantly increasing.
Conclusion
In this paper, on the basis of the reactive capacity analysis of the DFIG-WTG, the steady state voltage stability of the WPCS is studied by employing both the 2) The static state voltage instability mode of the WPCS is closely related to the operating features and control strategies of different reactive power sources.
The constant reactive power control of the SCBs always leads to the localized mode, and the constant voltage control of the SVCs and DFIG-WTGs leads to the non-localized mode.
